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Description 

Element for Use in an Inductive Coupler 
for Downhole Drilling Components 

Cross Reference to Related Applications 

[0001] The present application is a continuation-in-part of co- 
pending U.S. Patent Application Serial No. 10/707,234 
filed on November 29, 2003 which is a continuation- 
in-part of co-pending U.S. Patent Application Serial No. 
10/604,812 filed on August 19, 2003, which application 
is, in turn, a continuation of U.S. Patent Application Serial 
No. 09/816,766 filed on March 23, 2001, now patent 
6,670,880 which is, in turn, a continuation-in-part of U.S. 
Patent Application No. 09/619,084, filed July 19, 2000, 
now abandoned. The entire disclosures of all of these re- 
lated applications are incorporated herein by reference. 
Federal Research Statement 

[0002] This invention was made with government support under 
Contract No. DE-FC26-97FT343656 awarded by the U.S. 
Department of Energy. The government has certain rights 



in the invention. 
Background of Invention 

[0003] This invention relates to oil and gas drilling and produc- 
tion, and more particularly to apparatus and methods for 
reliably transmitting information between downhole com- 
ponents. 

[0004] For the past several decades, engineers have worked to 

develop apparatus and methods to effectively transmit in- 
formation from components located downhole on oil and 
gas drilling strings to the ground"s surface. Part of the 
difficulty comes from the fact that the operating environ- 
ment for the transmission system can be extremely harsh, 
including temperatures as high as 200 "C, pressures as 
high as 25,000 psi, and extremely abrasive and chemically 
corrosive conditions. 

[0005] Another source of difficulty comes from the fact that a 
drill string is made up of hundreds of components, such 
as sections of drill pipe and various downhole tools. Thus, 
if the transmission system is integrated into each of these 
components, it must be capable of connections that can 
reliably transmit information across the joints between 
these hundreds of components. 

[0006] Moreover, since these components are connected serially 



to create the drill string that may stretch for thousands of 
feet below the earth"s surface, reliability is imperative. A 
failure in the transmission system of a single component 
can bring the whole system down and require an expen- 
sive "roundtrip"of the drill string to replace the defective 
component. 

[0007] As an alternative to integrating a system into each of the 
drilling components, a transmission system has been de- 
veloped known as mud pulse telemetry. Rather than using 
electrical connections, mud pulse telemetry transmits in- 
formation in the form of pressure pulses through fluids 
circulating through a well bore. However, data rates of 
mud pulse telemetry are very slow compared to data rates 
needed to provide real-time data from downhole compo- 
nents. For example, mud pulse telemetry systems often 
operate at data rates less than 10 bits per second. At this 
rate, the low data resolution can prevent a driller from 
making decisions in real time. Since drilling equipment is 
often rented and very expensive, even slight mistakes can 
incur substantial expense. Part of the expense can be at- 
tributed to time-consuming operations that are required 
to retrieve downhole data or to verify low-resolution data 
transmitted to the surface by mud pulse telemetry. Often, 



drilling or other procedures are halted while data is gath- 
ered. 

[0008] Since direct electrical connections between drill string 

components may be impractical and unreliable, converting 
electrical signals to magnetic fields for conversion back to 
electrical signals offers one solution for transmitting in- 
formation between drill string components. One such sys- 
tem is disclosed in U.S. Patent No. 6,670,880. These types 
of elements are referred to as inductive couplers. An in- 
ductive coupler functions by converting electrical signals 
to magnetic fields for transmission across the tool joint. A 
corresponding inductive coupler located on the next 
downhole component converts the magnetic field back to 
an electrical signal where it may be transmitted along the 
drill string. 

[0009] Moreover, the harsh working environment of drill string 
components may cause damage to data transmission ele- 
ments whatever their form. For example drill strings un- 
dergo intense vibrations during operation which could 
fracture key components in an inductive coupler and sig- 
nificantly weaken the transmitted signal or even render it 
inoperative. Another barrier to successful data transmis- 
sion is the high temperatures of some boreholes. Often 



the boreholes extend tens of thousands of feet deep into 
the earth where temperatures are exceedingly hot. Some- 
times they can be as high as 250 C in the oil and gas in- 
dustry and over 300 C in geothermal wells. Inductive cou- 
plers exposed to such temperature extremes can lose 
their magnetic capabilities resulting in increased attenua- 
tion or even signal loss. 
Summary of Invention 

[0010] The present invention includes an element for use in an 
inductive coupler in a downhole component. The element 
includes a plurality of ductile, generally U-shaped leaves 
that are electrically conductive. The leaves are less than 
about .0625"thick and are separated by an electrically in- 
sulating material. These leaves are aligned so as to form a 
generally circular trough. The invention also includes an 
inductive coupler for use in downhole components, the 
inductive coupler including an annular housing having a 
recess with a magnetically conductive, electrically insulat- 
ing or MCEI, element disposed in the recess. The MCEI el- 
ement includes a plurality of segments where each seg- 
ment further includes a plurality of ductile, generally U- 
shaped electrically conductive leaves. Each leaf is less 
than about .0625"thick and separated from the otherwise 



adjacent leaves by electrically insulating material. The 
segments and leaves are aligned so as to form a generally 
circular trough. The inductive coupler further includes an 
insulated conductor disposed within the generally circular 
trough. A polymer fills spaces between otherwise adjacent 
segments, the annular housing, insulated conductor, and 
further fills the circular trough. 

[001 1] In operation, a varying current applied to an insulated 

conductor in an inductive coupler in one downhole com- 
ponent generates a varying magnetic field in the magneti- 
cally conductive, electrically insulating element, which 
varying magnetic field is conducted to and thereby pro- 
duces a varying magnetic field in a second magnetically 
conductive, electrically insulating element of a connected 
component, which magnetic field thereby generates a 
varying electrical current in the second insulated conduc- 
tor in a second inductive coupler in the connected compo- 
nent. The electrical current is then transmitted along the 
downhole component to another inductive coupler located 
at the opposite end of the downhole component. 

[0012] It should be noted that although the term electrical signal 
or current is used throughout the discussion of the inven- 
tion, those terms do not only denote an electrical signal 



carrying information but include power transmission as 
well. In one embodiment of the present invention power 
transmission is facilitated by selecting the appropriate 
magnetic permeabilities and frequencies. 
[0013] It should be noted that, as used herein, the term "down- 
hole" is intended to have a relatively broad meaning, in- 
cluding such environments as exploratory drilling for oil, 
gas and geothermal energy, as well as the systems of cas- 
ings and other equipment used in oil, gas and geothermal 
production. 

[0014] It should also be noted that the term "transmission"as 

used in connection with the phrase "data transmission" or 
the like, is intended to have a relatively broad meaning, 
referring to the passage of signals in at least one direction 
from one point to another. 

[0015] It should further be noted that the term "magnetically 

conductive"refers to a material having a magnetic perme- 
ability greater than that of air. 

[0016] It should further be noted that the term "electrically insu- 
lating"means having a high electrical resistivity, preferably 
greater than that of steel. 

[0017] It should be noted that the term "electrically conduc- 
tive"means having an electrical conductivity preferably 



greater than that of 10~ (Q-m) ~ It should be noted that 
the term "U-shaped"is intended to have a relatively broad 
meaning. When used in connection with the element, an 
MCEI element, or segments it means that each element or 
segment has a bottom portion, and two side portions with 
a trough formed therebetween. Consequently, the cross- 
section and end view appear generally U-shaped. 

[0018] It should further be noted that the term "ductile"means a 
material that can undergo appreciable plastic deformation 
before fracture. The measure of a materiaf's ductility is 
often expressed as percent elongation (%EL) or percent 
area reduction (%AR) from a tensile test. 

[0019] By "mating surface, "it is meant a surface on a downhole 
component intended to contact or nearly contact the sur- 
face of another downhole component, such as another 
section of drill pipe. For example, a mating surface can 
include threaded regions of a box end or pin end of drill 
pipe, primary or secondary shoulders designed to come 
into contact with one another, or other surfaces of down- 
hole components that are intended to contact or come 
into close proximity to surfaces of other downhole com- 
ponents. 
Brief Description of Drawings 



[0020] The foregoing and other features of the present invention 
will become more fully apparent from the following de- 
scription, taken in conjunction with the accompanying 
drawings. The invention will be described with additional 
specificity and detail through the use of the accompanying 
drawings with the understanding that these drawings de- 
pict only typical embodiments in accordance with the in- 
vention and are therefore not to be considered limiting in 
scope. 

[0021] Figure 1 is a schematic representation of a drill string as 

used on a drilling rig. 
[0022] Figure 2 is a perspective view of a drill pipe. 

[0023] Figure 3 is a perspective view of a partial cut away of a 
box and pin end tool joint illustrating the inductive cou- 
pler retained within the tool joints. 

[0024] Figure 4 is a perspective view of a partial cut away of a 
box and pin end connected together showing the place- 
ment of the inductive couplers in each end. 

[0025] Figure 5 is an enlarged cross sectional view of the induc- 
tive couplers as shown in Figure 4. 

[0026] Figure 6 is a layered cut away view of an inductive cou- 
pler. 

[0027] Figure 7 is a layered cut away view of the MCEI element in 



an inductive coupler. 
[0028] Figure 8 is a perspective view of tlie element for use in an 

inductive coupler. 
[0029] Figure 9 is an enlarged partial view taken from Figure 8. 

Detailed Description 

[0030] It vvill be readily understood that the components of the 

present invention, as generally described and illustrated in 
the Figures herein, may be arranged and designed in a 
wide variety of different configurations. Thus, the follow- 
ing detailed description of embodiments of the present 
invention, as represented in the figures, is not intended to 
limit the scope of the invention, but is merely representa- 
tive of various selected embodiments of the invention. 
The embodiments of the invention will be best understood 
by reference to the drawings wherein like parts are desig- 
nated by like numerals throughout. 

[0031] An apparatus is disclosed in one embodiment of the 
present invention as including an inductive coupler 
mountable proximate a mating surface of a downhole 
drilling component, such as a section of drill pipe. 

[0032] Referring to the drawings. Figure 1 is a schematic repre- 
sentation of a drill string 210 in a borehole as used on a 



drilling rig 200 including downhole components such as 
drill pipe 215. Some examples of downhole components 
are drill collars, jars, heavy weight drill pipe, drill bits, and 
of course drill pipe. 

[0033] Figure 2 shows one example of a downhole component, a 
drill pipe 215 including a box end tool Joint 220, and pin 
end tool joint 225 and pin nose 227. Between the pin end 
225 and box end 220 is the body of the drill pipe section. 
A typical length of the body is between 10 and 90 feet and 
usually about 30 feet. Drill strings in oil and gas produc- 
tion and exploration can extend as long as 20,000 feet, 
which means that as many as 700 sections of drill pipe 
and downhole components can be used in the drill string. 

[0034] Turning to Figure 3, a perspective view is shown of a par- 
tial cut away of a box and pin end tool joint illustrating 
the inductive coupler retained within the tool joints. Drill 
pipes 100 and 110 include a pin end 105, pin nose 109 
and a box end 107 to connect drill pipes 100 and 110 to- 
gether. Tool joints are attached to the component and 
provide threads or other devices for attaching the tools 
together, and to allow a high torque to be applied to resist 
the forces present when making up a drill string or during 
drilling. Between the pin end and box end of each pipe is 



the body of the drill pipe section (not shown). 

[0035] When threading a pin end 105 into a corresponding box 
end 107, various shoulders may engage one another to 
provide structural support to components connected in a 
drill string. For example, a pin end 105 may include a pri- 
mary shoulder 101 and a secondary shoulder 103. Like- 
wise, the box end 107 may include a corresponding pri- 
mary shoulder 111 and secondary shoulder 113. Primary 
shoulders 101 and 111 are typically labeled as such to in- 
dicate that the primary shoulders provide the majority of 
the structural support to a drill pipe 100 and 110 when 
torqued together. Often however, a secondary shoulder 
103 located at the end of pin nose 109 also engages a 
corresponding secondary shoulder 113 in the box end 
107, providing additional support and strength to drill 
pipes 100 and 110 connected in series. A drilling compo- 
nent exhibiting both a primary and secondary shoulder is 
typically referred to as double shouldered. At present, the 
most preferred design to use with the present invention is 
that which is described in U.S. Patent No. 5,908,212 to 
Grant Prideco, Inc. of Woodlands, Texas, the entire disclo- 
sure of which is incorporated herein by reference. 

[0036] Referring to Figure 3 an inductive coupler 20a is mounted 



proximate the mating surface or slioulder 103 on a pin 
end 105 to communicate information to another inductive 
coupler 20b located on a mating surface or shoulder 113 
of the box end 107. Coaxial cables 115a and 115b or 
other suitable transmission medium, are connected to the 
inductive couplers 20a and 20b respectively to transmit 
information therefrom along drill pipes 100 and 110. In a 
preferred embodiment the drill pipe will include tool Joints 
as depicted in Figure 3 however, a drill pipe without a tool 
joint can also be modified to house the coaxial cable and 
inductive coupler; thus tool joints are not necessary for 
the invention. The coaxial cable and inductive coupler 
could be disposed in other downhole components such as 
drill collars, jars, and similar components that would be 
typically found in a drill string. Additionally, the coaxial 
cable and inductive coupler could be disposed within 
other downhole components used in oil and gas or 
geothermal exploration through which it would be advan- 
tageous to transmit information and thus necessitate an 
inductive coupler. 
[0037] Figure 4 is a perspective view of a partial cut away of a 
box and pin end connected together showing the place- 
ment of the inductive couplers in each end to transmit 



and receive information along a drill string. As the tool 
Joints of each pipe are torqued together during drill string 
make up, each inductive coupler 20a and 20b come to- 
gether and typically touch each other on their face when 
the secondary shoulders or mating surfaces 103 and 113 
touch or almost touch. Essentially the mirror image of 
each inductive coupler is brought together which will be 
readily seen in Figure 5. Although in ideal circumstances 
the inductive couplers 20a, 20b will touch when the tool 
joints are torqued together, there can be a relatively small 
gap sometimes between them caused by pipe machining 
tolerances and other similar manufacturing issues. The 
coaxial cable 115a is extending away from the inductive 
coupler 20a with the corresponding coaxial cable doing 
the same though it is just outside the frame of the draw- 
ing. 

[0038] Figure 5 is an enlarged cross sectional view of the induc- 
tive couplers as shown in Figure 4. The inductive couplers 
in the secondary shoulders 103 and 113 of a pin and box 
end joint torqued together further illustrate the arrange- 
ment of the MCEI elements with respect to the inductive 
coupler components. As previously mentioned, each in- 
ductive coupler 20a, 20b is essentially a mirror image of 



its corresponding counterpart. Sometimes this arrange- 
ment causes the face of each inductive coupler to com- 
press, in such a scenario, if a brittle component is em- 
ployed in the inductive coupler, that component could 
crack. If that occurs, the efficiency of the inductive coupler 
will likely decrease and could eventually fail with the com- 
pounding vibration effects of normal drilling. As will be 
discussed below, because the present invention employ- 
ees a ductile material in the inductive coupler, this failure 
mechanism is less likely to occur. 

[0039] Each inductive coupler 20a and 20b include MCE! ele- 
ments comprising segments 10a and 10b respectively. As 
explained below in connection with Figures 6-9, each ele- 
ment is comprised of leaves 14 separated by electrically 
insulating material 12. In the preferred embodiment, a se- 
ries of leaves, most preferably about 18 are aligned and 
consolidated into a segment 25. A plurality of segments 
25 are then arranged to form the MCE! element with a 
generally circular trough. 

[0040] In an alternative embodiment, the leaves and insulators 
are aligned and consolidated into a one-piece MCEI ele- 
ment, i.e. without segments. 

[0041] Insulated electrical conductors 30a and 30b are disposed 



in a generally circular trough. It is readily seen in the 
drawing that the polymer 24a and 24b completely sur- 
round the elements 10a and 10b forming an electrical in- 
sulator between the annular housings 22a and 22b. A top 
layer 26a, 26b further insulates the element from its mir- 
ror opposite. The thickness of the top layer 28a, 28b may 
be determined by routine experimentation as the thick- 
ness will affect the magnetic properties of the inductive 
coupler. A change in magnetic and electrical properties of 
the inductive couplers occurs based upon the distance of 
gap between them. The optimal distance between the in- 
ductive couplers and thus the corresponding insulative 
top layer"s thicknesses will vary depending on the exact 
type material of which the elements are made. This opti- 
mum should be determined through routine experimenta- 
tion for the magnetic and subsequent electrical perfor- 
mance desired for the particular inductive coupler design. 
In the preferred embodiment, the insulative top layer"s 
thickness is about .015" though larger or smaller thick- 
nesses are acceptable. 
[0042] When a drilling component goes deeper into a borehole, 
the environment typically become hotter, thus thermal ex- 
pansion of materials within the inductive coupler may be- 



come problematic. The leaves, which are most preferably 
constructed of Mu metal, generally exhibit no such prob- 
lem because of its ductility and similar thermal expansion 
rates to surrounding metal components. Mu-metal is a 
nickel-iron alloy, generally about 77% nickel, 15% iron, 
plus copper and molybdenum, that is very efficient for 
screening magnetic fields. It is used to shield vacuum 
chambers for experiments with low-energy electrons. At 
room temperature if you surround a region with mu-metal 
any external magnetic fields up to a thousand Oersteds 
(0.1 tesia) cannot penetrate the region. Mu metal's main 
characteristic is that it is very magnetically soft i.e. it has a 
small coercive field which is the field required to reverse 
its state of magnetisation. The name of the material refers 
to the Creek letter m, which is the symbol for magnetic 
permeability. Mu-metal has a high value of m or perme- 
ability. 

[0043] Figure 6 is a perspective view of a layered cross section 
depicting one embodiment of the invention as used in an 
inductive coupler 20. The segment 10 comprises an ele- 
ment 18 that is highly permeable. In physics and electrical 
engineering, permeability is the degree of magnetisation 
of a material in response to a magnetic field. As previ- 



ously stated absolute permeability is represented by the 
symbol ijwhich is mathmatically defined below:|j = B/ 
Hwhere B is the magnetic flux density (also called the 
magnetic induction) in the material and His the magnetic 
field strength. 

[0044] The element 18 comprises a plurality of ductile generally 
U-shaped electrically conductive leaves 14. Each leaf 14 is 
separated from the otherwise adjacent leaves by an elec- 
trical insulating material that also serves as the bonding 
agent between the leaves. The electrically insulating ma- 
terial is not shown in this view and is generally not seen 
by the naked eye because of the ultra-thin layer it forms 
between the leaves. An insulated conductor 30 is disposed 
in a generally circular trough 16 formed by aligning the 
segments and leaves in the recess 23 of the generally an- 
nular housing 22. The insulated conductor can be a wire 
with an insulation layer 32 surrounding the conductive 
core 34 in this embodiment of the invention. Other em- 
bodiments include a twisted pair of insulated wire or a 
stranded core surrounded by insulation both of which are 
common in the art. As current flows through the insulated 
conductor 30, a magnetic field is created around the insu- 
lated conductor 30. The U-shaped segment 10 serves to 



contain the magnetic field created by the conductor 30 
and prevent energy leal<age into surrounding materials. 
The U-shape of the segment 10 also serves to transfer 
magnetic current to a similarly shaped segment in an ad- 
jacent inductive coupler. Typically the operating frequency 
range of the inductive coupler lies between 1 Hz and 10 
MHz. This will largely depend on the desired inductive 
coupler application, such as power or information trans- 
mission along the drill string and the corresponding ele- 
ment material choice required by the application. Typical 
power transmission frequencies are in the range of 1 hz 
all the way to 10 Mhz with 50 khz the most preferred fre- 
quency. When determining the approprate material for use 
in power transmission, generally the higher the 
freuquency used to transmit power means a lower perme- 
ability material chosen and the lower the frequency used 
to transmit power corresponds to a higher permeability 
material needed. For example, when using a very high 
permeability material such as Supermalloy with an initial 
permability of around 75,000, the corresponding chosen 
frequency used to transmit power may be generally 
around 50 hz or lower. 
[0045] Referring to Figure 6, an MCE! element 25 comprising a 



plurality of segments 10 is disposed in a recess 23 de- 
fined by generally annular housing 22. Another feature of 
the invention is that the segments 10 are electrically insu- 
lated from each other and the annular housing 22 because 
the segments are also electrically conductive in addition 
to magnetically conductive. If the segments weren"t insu- 
lated from their surroundings, they could short out 
against each other and possibly weaken the ability of the 
inductive coupler to transmit information. The insulating 
material covers the top of the MCEI element 25 including 
segments 10 so that an opposing inductive coupler will 
not come in electrical contact with and short out the MCEI 
element. To this end, a polymer 24 affixes the segments 
10 within the annular housing 22 and fills gaps between 
otherwise adjacent segments, the housing and the insu- 
lated conductor, and further fills the circular trough 16. 
The polymer also serves to electrically insulate the ele- 
ments from the annular housing. A top insulative layer 26 
is thus formed above the plurality of segments that com- 
prises the MCEI element 25. The chosen thickness 28 of 
the top insulative layer is best selected by routine experi- 
mentation. The polymer 24 also affixes the insulated con- 
ductor 30 along the trough 16 formed by aligning the 



segments 10 and leaves 14. Additionally the polymer 
serves to prevent the transfer of strain or shock to the 
segments which can also have adverse effects. 
[0046] Various types of polymers can be employed as the "filler 
material" for the inductive coupler such as polyether ether 
ketone or PEEK and polyether ketone ketone or PEKK. A 
thermoplastic material is desirable for its processability 
characteristics as well as a fluoropolymer type material for 
its unreactivity to many chemicals. Teflon is one such 
type of thermoplastic fluoropolymer. Various grades of 
Teflon are available such as perfluoroalkoxy copolymer 
or PFA, fluorinated ethylene propylene or FEP, ethylene- 
tetrafluoroethylene or ETFE, amorphous fluoropolymer or 
AF, polytetrafluoroethylene or PTFE, and ethylene- 
chlorotrifluoroethylene copolymer or ECTFE. ECTFE is also 
known as Halar. These materials also have desirable me- 
chanical and electrical properties excellent for use within 
the inductive coupler. Teflon is well known as a dielectric 
which is often used in the production of coaxial cables. 
Some other thermoplastic choices are nylons, polyethy- 
lene, polypropylene, polystyrene and copolymers of the 
same. Other polymer material choices fall under the class 
of thermosets. Some examples of thermosets are sili- 



cones, epoxies, and polyurethanesThese same materials 
can form the electrically insulating material that can be 
bonded to the conductor of the insulated electrical con- 
ductor disposed in the trough in the MCE! element. The 
preferred insulating material and polymer filler is PFA and 
FEP respectively, with PFA grade 340 and FEP grade 6100 
the most preferable. The respective melting point of PFA 
and FEP, with PFA higher than FEP, allows for feasible pro- 
cessability of the inductive coupler. The PFA is bonded or 
coated onto the conductor, forming the insulated conduc- 
tor, prior to assembly of the inductive coupler. When the 
annular housing, insulated conductor, and MCE! element 
are assembled and filled with FEP, the temperature neces- 
sary for the processing of the FEP will not spoil the in- 
tegrity of the PFA on the conductor, thus ensuring proper 
insulation. This principle can be used with other thermo- 
plastics besides just PFA and FEP as long as the insulating 
material melting temperature is sufficiently higher than 
the filler polymer melting temperature. 
[0047] In the preferred embodiment of the invention, an element 
is used in an inductive coupler in a downhole component. 
The element comprises a plurality of ductile, generally U- 
shaped electrically conductive leaves with each leaf sepa- 



rated from the otherwise adjacent leaves by electrically in- 
sulating material. 

[0048] Referring to the drawings, Figure 7 is a layered cut away 
view of the MCEl element in an inductive coupler. An in- 
ductive coupler 20 is formed with an MCEl element 25, 
annular housing 22, and insulated conductor 30 which are 
conslidated using a polymer 24. The MCEl element 25 
comprises a plurality of segments 10 with each segment 
comprising an element 18 as discussed in greater detail 
below. The segments 10 are aligned to form a generally 
circular trough 16. The insulated conductor 30 is partially 
cut away and removed in this drawing to clearly show the 
trough 16 whereas it is normally disposed all the way 
around and in the trough. 

[0049] Referring to the drawings. Figure 8 is a perspective view 
of the element for use in an inductive coupler. In one em- 
bodiment of the invention, the general shape of the ele- 
ment 18 is a segment 10. The element constitutes a plu- 
rality of ductile generally U-shaped electrically conductive 
leaves 14. The lamination of the generally U-shaped 
leaves into a cohesive structure form a trough 16 suited to 
dispose an insulated electrical conductor therein. The 
length or diameter of the element is subject to its particu- 



lar application and is flexible to fit the needs of its appli- 
cation. The element is not limited to a segment shape. In 
another embodiment of the invention the element is gen- 
erally shaped in a ring with the leaves arranged to form a 
generally circular trough. The ring can either be closed i.e. 
a complete ring or it can be partially open with a gap in 
between two ends of the ring. 
[0050] Figure 9 is an enlarged partial view taken from Figure 8. 
Because of the thin layers involved, this view would gen- 
erally not be seen to the naked eye. But to give clarity and 
understanding, a close up of the features that form the el- 
ement are necessary. The close up reveals the alternating 
electrically insulating material 12 in-between ductile, 
generally U-shaped leaves 14. Preferably, the electrically 
insulating material also serves to bond the U-shaped 
leaves together. Various polymers can be used for the 
dual purpose of bonding the U-shaped leaves together as 
well as electrically insulating the leaves from each other. 
Some preferred polymers are the various classes of sili- 
cones, epoxies, and polyurethanes. The most preferred 
electrically insulating material though is epoxies. Of 
course polymer selection can largely depend on tempera- 
ture conditions the element will experience in operation. 



Thus many possible polymer choices are within the scope 
of the invention. The preferred electrical insulator thick- 
ness is less than about .0005". It should be understood 
that the term "thickness" designates an average distance 
between any two adjacent leaves in the element. The re- 
sultant volume between leaves is taken up by the electri- 
cally insulating material. The preferred number of leaves 
used to make the element is a segment of 18, though as 
previously stated the element may also be a continuous 
ring. It is preferable that all the leaves have electrically in- 
sulating material between them, however should the insu- 
lating material break down or be missing between some 
of the leaves, the element will still be viable when adapted 
to operate in an inductive coupler. It is possible that even 
one or more segments could be rendered inoperable if the 
electrically insulating material between the leaves is miss- 
ing or degraded. However, even in such instances the in- 
ductive coupler using some inoperable segments as part 
of the MCE! element will still function. 
[0051] Some important geometrical considerations may be ad- 
dressed which affect the magnetic and electrical charac- 
teristics of the element. One dimension that exhibits an 
effect on these related properties is the thickness of each 



generally U-shaped leaf. Thus, the optimal thickness may 
be selected by routine experimentation taking into ac- 
count all physical, electrical, and magnetic properties de- 
sired in the final product. In one embodiment of the in- 
vention the generally U-shaped leaves are less than about 
.0625"thick. In another embodiment of the invention the 
U-shaped leaves are less than about .030"thick and the 
most preferred segment thickness is about .014". The 
minimum thickness is about .003". 
[0052] There are three types of magnetic material: soft magnetic 
materials, semi-hard magnetic materials, and hard mag- 
netic materials. The designations soft, semi-hard, and 
hard have to do with the natural magnetic state of the 
material. Hard magnetic materials are those most com- 
monly known as they represent the group of metals that 
are considered permanent magnets i.e. they do not re- 
quire an external magnetic field for their magnetic prop- 
erties to be exhibited. Soft magnetic materials however do 
not exhibit ferromagnetism unless a magnetic field is ap- 
plied, such as the naturally occurring magnetic field sur- 
rounding a wire with A.C. current flowing through it. The 
term semi-hard is used for those materials that fall some- 
where between the two ends of the spectrum, soft and 



hard magnetic materials. Because tlie present invention is 
a element, it falls under the soft and semi-hard magnetic 
materials designation. Typically these materials constitute 
alloys from the following group of elements: Ni, Fe, Cu, 
Mo, Co, Cr, V, C, and Si. Of course when discussing the 
composition of these type of soft and semi hard magnetic 
alloys, they are referred to by their nominal compositions 
and not their actual included impurities found in relatively 
small amounts during casting. 
[0053] Another property to consider when making the element is 
the relative magnetic permeability, both initial and maxi- 
mum values. The magnetic permeability of a material is 
defined as the ratio of the magnetic flux density B estab- 
lished within a material divided by the magnetic field 
strength H of the magnetizing field. It is usually ex- 
pressed as a dimensionless quantity relative to that of air 
(or a vacuum). Because the invention focuses on highly 
permeable materials, the initial permeability values are 
preferably in the range of 650 such as that found in 
Hiperco, an iron-cobalt alloy, to 75,000 as exhibited in 
some Supermalloy materials. The maximum relative per- 
meability range is preferably from around 2000 (as found 
in Isoperm an equal nominal composition of nickel and 



iron) to around 800,000 as exhibited again in Supermal- 
loy, generally about an 80% Ni/Fe/Mo composition. Su- 
permalloy is an 80% nickel-iron alloy processed for ex- 
ceptionally high initial permeability. Applications include 
very low level signal transformers, low level magnetic 
preamplifiers, high value inductors which have no super- 
imposed direct currents and precision current transform- 
ers. Initial and maximum permeabilites are usually shown 
in a B-H magnetization curve where the magnetic induc- 
tion B is measured and plotted versus a corresponding 
applied magnetic field H. The initial permeability is the 
limiting value approached by normal permeability when H 
is reduced toward zero, i.e. the slope of the magnetization 
curve at the initial magnitic field application. The maxi- 
mum permeability is the largest value of normal permabil- 
ity obtained from a B-H curve, i.e. where the slope of the 
magnetization curve is steepest. 
[0054] For comparison purposes, a typical drill pipe alloy, 4140 
alloy steel has a magnetic permeability of about 42 and a 
typical Ni-Zn ferrite has an initial permeability of 82. It is 
preferable to close the magnetic path that couples the ad- 
jacent coils with a material having a magnetic permeability 
higher than that of steel. Because the present invention 



employs electrically conductive material, it is also impor- 
tant that the elements are electrically insulated from their 
surroundings. Other important physical characteristics to 
consider when choosing the element material are brittle- 
ness and toughness or ductility, Curie temperature, and 
overall processability. 
[0055] Because of the harsh environments associated with down- 
hole drilling, it is desirable to employ inductive couplers 
that are robust and tough, especially in the key compo- 
nents of an inductive coupler such as the magnetic mate- 
rial. Preferably the material chosen out of which to make 
the element is a ductile material. One method to measure 
ductility of a material is percent elongation. For example, 
one preferred material out of which to make the element 
is Moly Permalloy alloy, a soft magnetic alloy manufac- 
tured by Allegheny-Ludlum that exhibits a 32 % elonga- 
tion in 2", a good indicator of ductility. This result can be 
found at Allegheny Ludlum"s home page in the technical 
data sheet for Moly Permalloy Nickel Alloys (HTA) and 
conforms to the ASTM A-753 and MIL N-14411 specifica- 
tions. 

[0056] In selecting the optimum material for a specific applica- 
tion, another item to consider is the Curie temperature of 



a material. The Curie temperature may be problematic be- 
cause the invention may undergo temperature extremes 
during drilling. For example, exploration drilling may be 
done in cold environments such as the North Sea where 
outside temperatures can be well below 0 "C and up to 
200 °C at the bottom of a borehole. Generally, as a ferro- 
magnetic material is heated to a high temperature it 
looses its ferromagnetic properties, something that is 
detrimental to the performance of the current invention. 
Basically if the temperature of the magnetic material is 
raised above a critical temperature, designated as the 
Curie temperature, the thermal motion of the atoms is so 
violent that the electrons in the bonds are no longer able 
to keep the dipole moments aligned and the ferromag- 
netic properties are lost. For example, Mu metal Curie 
temperatures are typically found in the range of 450 "C to 
500 "C whereas ferrite Curie temperature may be in the 
range of 120 "C to 260 "C. The preferred materials used 
for the element exhibit high temperature robustness. 

[0057] A preferable type of material is a mu metal alloy with 

® 

HyMu "80" alloy the most preferable. A preferred supplier 
of HyMu "80" is Carpenter Technology Corporation, 
Wyomissing, PA. A preferred manufacturer to assemble 



the generally U-shaped electrically conductive leaves of 
the element is Electro Magnetic Products, Inc., Morristown, 
NJ. Other possible material choices are Supermalloy avail- 
able from Magnetics , a Division of Spang and Company, 
East Butler, Pa. Another alternative material is Metglas 
and its various grades available from Metglas Inc., Morris- 
town, NJ. Of course other materials can be used that ex- 
hibit similar magnetic and physical properties as those 
described above. 

[0058] Many types of data sources are important to management 
of a drilling operation. These include parameters such as 
hole temperature and pressure, salinity and pH of the 
drilling mud, magnetic declination and horizontal declina- 
tion of the bottom-hole assembly, seismic look-ahead in- 
formation about the surrounding formation, electrical re- 
sistivity of the formation, pore pressure of the formation, 
gamma ray characterization of the formation, and so 
forth. The high data rate provided by the present inven- 
tion provides the opportunity for better use of this type of 
data and for the development of gathering and use of 
other types of data not presently available. 

[0059] Whereas the present invention has been described in par- 
ticular relation to the drawings attached hereto, it should 



be understood that other and further modifications apart 
from those shown or suggested herein, may be made 
within the scope and spirit of the present invention. 
[0060] It is therefore intended that the foregoing detailed de- 
scription be regarded as illustrative rather than limiting, 
and that it be understood that it is the following claims, 
including all equivalents, that are intended to define the 
spirit and scope of this invention. 



